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Background Pancreatic cancer is a rapidly fatal disease
with gemcitabine remaining the first-line therapy. We
performed a genotype–phenotype association study to
identify biomarkers for predicting gemcitabine treatment
outcome.

Materials and methods We selected the top 200 single
nucleotide polymorphisms (SNPs) identified from our
previous genome-wide association study to associate with
overall survival using 400 patients treated with/or without
gemcitabine, followed by imputation analysis for regions
around the identified SNPs and a replication study using an
additional 537 patients by the TaqMan genotyping assay.
Functional validation was performed using quantitative
reverse transcription-PCR for gemcitabine-induced
expression in genotyped lymphoblastoid cell lines and
siRNA knockdown for candidate genes in pancreatic cancer
cell lines.

Results Four SNPs in chromosome 1, 3, 9, and 20 showed
an interaction with gemcitabine from the discovery cohort of
400 patients (P< 0.01). Subsequently, we selected
those four genotyped plus four imputed SNPs for
SNP×gemcitabine interaction analysis using the
secondary validation cohort. Two imputed SNPs in CDH4
and KRT8P35 showed a trend in interaction with
gemcitabine treatment. The lymphoblastoid cell lines with
the variant sequences showed increased CDH4 expression
compared with the wild-type cells after gemcitabine
exposure. Knockdown of CDH4 significantly desensitized

pancreatic cancer cells to gemcitabine cytotoxicity. The
CDH4 SNPs that interacted with treatment are more
predictive than prognostic.

Conclusion We identified SNPs with gemcitabine-
dependent effects on overall survival. CDH4 might
contribute to variations in gemcitabine response. These
results might help us to better predict gemcitabine
response in pancreatic cancer. Pharmacogenetics and
Genomics 26:527–537 Copyright © 2016 Wolters Kluwer
Health, Inc. All rights reserved.
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Introduction
Pancreatic cancer is a rapidly fatal disease with a 5-year sur-

vival of around 4–6% [1,2]. Current chemotherapy regimens

have modest survival benefits. Although newer agents are

being tested in pancreatic cancer patients, gemcitabine

remains the first-line treatment [3,4]. However, the individual

response to gemcitabine therapy varies widely [5–7]. It is

essential to understand how individuals might respond to

gemcitabine when treated for pancreatic cancer. Many factors

including both tumor and host germline genomic profiles

could contribute to the variation in therapeutic response.

Many pharmacogenomic studies do not have control popula-

tions (patients who were not treated with the drugs of inter-

est); therefore, it is difficult to identify pharmcogenomic

predictive biomarkers for a specific drug. In the current stu-

dies, we took advantage of two independent patient cohorts in

which both gemcitabine-treated patients as well as non-

gemcitabine-treated patients were available. These cohorts

enabled us to identify not only genetic biomarkers associated

with overall survival (OS) but also single nucleotide poly-

morphism (SNP)–gemcitabine interactions to specifically

identify gemcitabine-predictive pharmacogenomic bio-

markers. We have previously carried out a genome-wide
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association study (GWAS) using a cell-based model system,

the ‘Human Variation Panel’, to identify genetic markers that

were associated with IC50 values of two cytidine analogs:

gemcitabine and cytosine arabinoside. This cell model system

consists of 300 Epstein–Barr virus-transformed lympho-

blastoid cell lines (LCLs) with dense genomic data, including

genome-wide SNPs, mRNA expression, and 480 000 CpG

methylation sites for each cell line [7,8]. This system has been

used widely to screen for common germline genetic variants

that might be responsible for drug response. We have

successfully used this system to both generate a pharmaco-

genomic hypothesis and to functionally characterize pharma-

cogenomic signals identified during the clinical GWAS [7–17].

In the current study, we selected the top 200 SNPs associated

with gemcitabine cytotoxicity (IC50 values) identified during

our cell-based GWAS to carry out genotype–phenotype

association studies using 400 DNA samples as a discovery

cohort and an additional 537 samples as a validation cohort to

validate germline genetic variants that might be associated

with the patient OS during gemcitabine treatment. The study

strategy was designed as shown in Fig. 1.

Our findings indicated that four SNPs located in chro-

mosomes 1, 3, 7, and 20, respectively, were identified to

be associated with OS (P< 0.01) of patients treated with

gemcitabine. After imputation of these regions, we

selected the top four imputed SNPs plus the four geno-

typed SNPs for validation in an additional 537 samples

using the TaqMan SNP genotyping assay. The replica-

tion study showed that two imputed SNPs, rs9637468

located in KRT8P35 and rs4925193 in CDH4, showed a

trend of associations with OS during gemcitabine treat-

ment. Further functional validation showed that induction

of CDH4 expression was gemcitabine and SNP depen-

dent. Knockdown of CDH4 in three pancreatic cancer

cells significantly desensitized cells to gemcitabine treat-

ment, suggesting that the CDH4 gene might contribute to

variation in gemcitabine response during pancreatic can-

cer therapy.

Our genotype–phenotype association analyses, as clinical

replication studies of previous cell-based GWAS, fol-

lowed by functional pharmacogenomics might help to

identify and understand novel genetic biomarkers con-

tributing to variations in gemcitabine response and pro-

vide us with insights to improve the clinical efficacy of

gemcitabine during treatment of pancreatic cancer.

Materials and methods
Drug and cell lines

Gemcitabine was provided by Eli Lilly (Indianapolis,

Indiana, USA). Stock solution was dissolved in PBS and

stored at − 80°C. The human pancreatic cancer AsPC-1,

BxPC-3, CFPAC-1, PANC-1, PANC0403, SU86, HupT3,

and MIApaca-2 cell lines were obtained from the American

Type Culture Collection (Manassas, Virginia, USA) and

were cultured in RPMI 1640 medium containing 10% fetal

bovine serum.

DNA samples from pancreatic cancer patients

Patients were enrolled into this study from October 2000

until February 2010 and provided written informed

consent for participation in the Mayo Clinic Biospecimen

Resource for Pancreas Research. Patients were recruited

at the time of their initial visit to the Mayo Clinic for

pancreatic cancer. They also provided blood samples in

addition to completing demographic/risk factor surveys.

Discovery cohort
Patients were a subset of the previously published GWA

study; all these patients had pancreatic adenocarcinoma

and were recruited at Mayo Clinic [18,19]. Patients were

recruited through the Mayo Clinic Pancreas Cancer

Registry (PI. G. Petersen, P50 CA102701) [20]. We have

obtained extensive clinical and demographic as well as

treatment information for these patients, including age,

stage, Karnofsky performance score, and use of gemci-

tabine. A total of 654 individuals with genome-wide SNP

data available were included in our discovery cohort.

After quality control, 400 individuals were included for

the association analysis. Two hundred and fifty-four

patients were excluded from the analysis because of

various reasons: non-White, survey dropped, had under-

gone treatment before diagnosis, had a diagnosis of

pancreatic cancer before arriving at Mayo, missing sur-

vival phenotype, missing genotype, and missing clinical

covariate.

Validation cohort
Five hundred and thirty-seven individuals were recruited

from the Mayo Clinic Pancreatic Cancer Registry who

were not included in the discovery cohort and analyzed as

an independent cohort for the validation analysis. The

patients were followed up using a mailed survey at

6 months and 1 year in addition to the medical records

with documentation of treatment information. Records

were abstracted manually using a standardized protocol

by a gastrointestinal cancer specialist/medical oncologist

blinded to any genotype information [20]. Abstracted

information included types of chemotherapy and/or

radiotherapy, duration of therapy, stage information, and

response to treatment and common toxicities. Only

patients with complete abstraction information that was

sufficient to determine whether they did or did not

receive gemcitabine during any part of their treatment

were included in the analysis. Survival was calculated as

the date of original diagnosis to the date of death or last

follow-up.

Genotyping assessment

A total of 537 DNA samples from the validation cohort

were selected to perform a genotyping assay for candi-

date SNPs in the Mayo Clinic Genotyping Shared

Resource using the protocol of the TaqMan SNP

Genotyping Assay (Applied Biosystems, Carlsbad,

California, USA). Specifically, DNA samples were
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extracted and purified according to the manufacturer’s

protocol using a QIAamp tissue kit (Qiagen, Hilden,

Germany), followed by estimation of DNA concentration

using a NanoDrop ND-1000 Spectrophotometer (Nano

Drop Technologies Inc., Wilmington, Delaware, USA).

Samples were then diluted to 10 ng/μl. PCRs were car-

ried out in a 5 μl of reaction mix, consisting of 1 μl of
genomic DNA template (10 ng), 2.5 μl of 2× TaqMan

Universal PCR Master Mix, 0.25 μl of 20× working stock

of SNP genotyping assay with specific primers and

probes, and 1.25 μl DNAase-free water. PCR conditions

consisted of repeated cycles at 95°C for 10min and 40

cycles at 95°C for 1 min and 60°C for 15 s. Genotype

analysis was carried out using the ABI Prism 7700 SDS

software (Applied Biosystems). Quality assessment indi-

cated a more than 98% call rate with high concordance

among duplicates.

Transient transfection and cell proliferation assay

All siRNA pools with a set of four specific siRNAs for an

individual candidate gene and a negative nontarget

control siRNA pool were purchased from Dharmacon

(Chicago, Illinois, USA). Reverse transfection of siRNA

was performed in 96-well plates with a mixture of pan-

creatic cancer cells and 0.2 µl of lipofectamine RNAi-

MAX reagent (Invitrogen, Carlsbad, California, USA), as

well as 50 nmol/l of siRNA pools. At 24 h, cells were

treated with gemcitabine (Eli Lilly, Indianapolis,

Indiana, USA) at final concentrations of 0.001, 0.01, 0.1,

1, 10, 100, and 1000 µmol/l for 72 h. MTS cytotoxicity

assays were performed using the CellTiter 96 AQueous

Non-Radioactive Cell Proliferation Assay kit (Promega

Corporation, Madison, Wisconsin, USA), followed by

absorbance measurement at 490 nm in a Safire2 micro-

plate reader (Tecan AG, Männedorf, Switzerland).

Fig. 1

Human LCLs model system

550 000 genome-wide SNPs Gemcitabine cytotoxicity
654 individuals with pancreatic cancer

were considered for analysis

After QC, 254 individuals were
removed from the analysisGenome-wide correlation studies in LCLs

Top 200 significant SNPs
were selected for analysis

400 samples with GWAS genotyping data were used for
analysis (discovery set − PanScan 1)

Association analysis of overall survival (OS) with either SNP main effect
or SNP×gemcitabine-treatment interaction  (P < 0.01) were performed

None of SNPs selected
from main effect

4 SNPs selected from SNP× treatment interaction (P < 0.01)
analysis was subjected for imputation analysis

Imputation analysis was performed in 4 genomic regions within ±200 kbp side
of top 4 SNPs using MACH 1.0 with 1000 Genome Project

4 imputed and 4 genotyped SNPs in those 4
genomic regions were selected for replication study

537 samples individuals with pancreatic cancer were
genotyped for analysis (replication set − PanScan 2)

Association analysis of OS with SNP×gemcitabine-
treatment interaction were performed

Follow-up and functional validation studies

Experimental strategy. Top 200 SNPs associated with gemcitabine cytotoxicity were selected on the basis of our previous GWAS results using the
human lymphoblastoid cell line model system, followed by genotyping of DNA samples of pancreatic cancer patients (discovery cohort) from Mayo
cohort studies treated with/or without gemcitabine. Imputation analysis was carried out in the regions of ±200 kbp surrounding the top overall survival-
associated SNPs. In a replication study, an additional 537 samples (validation cohort) were genotyped for identified candidate SNPs using the
TaqMan assay. Top candidate genes were validated by functional assays using gemcitabine and SNP-dependent expression induction, siRNA
knockdown, and gemcitabine cytotoxicity assay. GWAS, genome-wide association study; LCL, lymphoblastoid cell line; SNP, single nucleotide
polymorphism.
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Real-time quantitative reverse transcription-PCR

Total RNA was isolated from cultured cells using the

Quick-RNATM MiniPrep kit (Zymo Research, Orange,

California, USA), followed by qRT-PCR with the Power

SYBR Green RNA-to-CT 1-Step Kit (Applied Biosystems,

Foster City, California, USA) 48 h after transfection.

Specifically, primers purchased from QIAGEN (Hilden,

Germany) were used to perform qRT-PCR using the

Stratagene Mx3005P Real-Time PCR detection system

(Agilent Technologies, Santa Clara, California, USA). All

experiments were normalized with β-actin as an internal

control.

Western blotting assay

Western blotting analysis was carried out with cell lysates.

Specifically, 30 μg of protein lysate was subjected to elec-

trophoresis on 12% SDS-PAGE gels. Proteins were trans-

ferred to polyvinylidene difluoride membranes. The

membranes were then incubated overnight at 4°C with the

anti-CDH4 antibody at a 1 : 1000 dilution (Cell Signaling,

Boston, Massachusetts, USA), followed by the secondary

antibody. Bands were detected with enhanced chemilu-

minescence (Thermo Scientific, Rockford, Illinois, USA).

Immunohistochemical assay

Formalin-fixed and paraffin-embedded blocks from 45

patients including matched normal surrounding tissues

from the same patients were obtained from the Cancer

Hospital, Chinese Academy of Medical Sciences. The

study was approved by the Human Subjects Research

Ethics Committee of the Cancer Hospital as exempt from

institutional review board review. For the detection of

CDH4, sections were deparaffinized before placing in

retrieval solution (citric acid, pH 6.0) for 20 min at 100°C.
After cooling for 20 min, slides were quenched with 3%

H2O2 for 5 min, before incubating with a 1 : 50 dilution of

monoclonal anti-CDH4 antibody (Cell Signaling) for

30 min. Labeling was detected following the manu-

facturer’s protocol (ZSGB-Bio, Beijing, China). All sec-

tions were counterstained with hematoxylin and CDH4

staining was evaluated by two independent pathologists

and considered positive on the basis of established cri-

teria [21,22]. Score 0 is when there was no specific

membrane staining, and positive cases were further

classified into 1, 2, and 3 on the basis of the staining

intensity of the membrane.

Statistical methods

OS time was calculated since diagnosis. We first used a

log-rank test to compare proportional hazards between

the discovery and validation cohorts, limiting the risk

interval to 2.5 years, and then to test differences in sur-

vival, conditional on surviving to 2.5 years. There was no

difference in proportional hazards between the two

cohorts. Survival was summarized as the median survival

and the hazards were essentially proportional up to those

times. The 2- and 5-year survival rates were calculated

using the Kaplan–Meier method. Comparisons between

the discovery and validation sets for continuous variables

(age, BMI, etc.) were tested using Wilcoxon rank-sum

tests, whereas ordinal categorical variables (Karnofsky

Performance Score, etc.) were tested using Armitage

trend tests, and finally nonordinal categorical variables

were tested using the χ2-test (continuity corrected).

Genotype–phenotype association and interaction with
treatment
Kaplan–Meier curves were used to visualize OS.

Interactions between the SNP genotype (additive model)

and gemcitabine exposure (yes/no) were analyzed

(SNP× gemcitabine treatment effect). We also deter-

mined the SNP association with OS for patients (overall

main effect). These two sets of analyses were completed

in a similar manner with both discovery (n= 400) and

validation cohorts (n= 537). Before we carried out the

analysis of the effect of SNP on OS, we tested a series of

potential covariates including different treatments and

other factors (Table 1). As age, stage, Karnofsky

Performance Score, and tumor site were shown to be

related to survival in previous publications, these factors

were included as covariates. Significant ones were adjus-

ted during the association analysis. As the time at which

gemcitabine was used varied for individuals, the risk

intervals for individuals were divided and we treated

different risk intervals as time-varying covariates in the

analysis of the OS and SNP–gemcitabine treatment

interaction. The association of OS with the interaction of

SNPs and gemcitabine was investigated using multi-

variable Cox proportional hazards regression analysis. The

effect of SNPs on gemcitabine treatment was modeled as

the interaction of an individual SNP and gemcitabine use

(as count of minor allele). To test the pharmacogenomic

effect (SNP× gemcitabine interaction), a Wald test

was used.

Imputation analysis
The top significant SNPs associated with OS of those 400

patients from the discovery cohort were selected to

explore more functional SNPs in imputation analysis. We

imputed the regions of ± 200 kbp surrounding those

SNPs using MACH 1.0 with 1000 Genome Project, fol-

lowed by the association of these imputed SNPs with OS

[23,24].

Results
Study population

To determine whether any gemcitabine-predictive

genetic biomarkers or prognostic biomarkers controlled

for treatments in pancreatic cancer patients, we used 400

pancreatic cancer patients treated with (n= 218) or

without (n= 182) gemcitabine for the discovery cohort

study and an additional 537 Mayo pancreatic cancer

patients treated with (n= 296) or without (n= 241) gem-

citabine with similar demographic and clinical
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characteristics as a validation cohort to genotype selected

SNPs for the association studies. The discovery cohort

had already had genome-wide SNP data available as part

of the Mayo Pancreatic Cancer Cohort Consortium

GWAS project (PanScan Project) [18,19]. Specifically, we

selected the top 200 SNPs on the basis of the association

P-values that were correlated with gemcitabine IC50

values in our LCLs described previously for the asso-

ciation analysis with the OS of those pancreatic cancer

patients, as well as interaction analysis with gemcitabine

treatment [7,8]. We then followed this initial analysis

with a validation study using the additional 537 Mayo

patient samples to genotype the top candidate SNPs

identified from the initial OS association study by the

TaqMan SNP Genotyping Assay. The strategy of the

experimental design is described in Fig. 1.

A summary of the characteristics of the patients in both

cohorts is shown in Table 1. There were no statistically

significant differences in sex, age, and diagnosis char-

acteristics or the performance score between the two sets

of the patients. The median ages at diagnosis were 68

and 66 years in the two cohorts, respectively. Overall, 90

and 86.6% of patients had died by the time of analysis,

reflecting the relatively poor prognosis observed for this

type of cancer. As it has been shown that patient age,

stage, Karnofsky Performance Score, and tumor site were

related to OS in previous publications, these factors were

included as covariates in further analysis [18,19].

Genotype–phenotype association of the discovery

cohort

We had previously performed a cell-based GWAS using a

genetic data-rich cell model system, consisting of 187 human

LCLs, and identified top 200 SNPs significantly associated

with gemcitabine cytotoxicity (IC50 values), with P-value
less than 10−3 for this association study [7]. OS time of those

400 patients was calculated since diagnosis [18,19]. Of the

200 SNPs selected, none of them was associated sig-

nificantly with OS of these patients (Supplementary

Table 1, Supplemental digital content 1, http://links.lww.com/
FPC/B78), suggesting that they might not serve as pan-

creatic cancer risk factors. However, our findings showed

that four SNPs in four genomic regions located in chromo-

somes 1, 3, 9, and 20, respectively, were strongly associated

with OS (P<0.01) of patients when exposed to gemcitabine

in the interaction analysis using a Wald test (Table 2 and

Supplementary Table 1, Supplemental digital content 1,

http://links.lww.com/FPC/B78). The effects of four SNPs on

gemcitabine response were in the same direction as that

observed in our GWAS analysis using the LCLs, implying

that variations in these SNPs might modify the outcome of

gemcitabine treatment for pancreatic cancer (Table 2 and

Supplementary Table 1, Supplemental digital content 1,

http://links.lww.com/FPC/B78). Although these SNPs by

gemcitabine interaction were not associated significantly

with patient OS after correction for multiple testing

(P=1.25E−4), we were aware that these selection criteria

were arbitrary, but this would provide us a means to identify

more candidates. Follow-up association and functional stu-

dies would be useful to narrow down to a number of

reasonable genes.

Those four SNPs (rs7515290, rs1374679, rs10979372, and

rs1122269) were mapped to four genomic regions containing

four HGNC symbols: LOC100533666, KRT8P35, RPL36P14,
and CDH4. Similar to other complex diseases, multiple

common disease alleles with small effects influence disease

Table 1 Characteristics of pancreatic cancer patients in the overall
survival-association analysis

n (%)

Characteristics of diagnosis and
treatment Discovery cohort Validation cohort

Sex
Female 172 (43.0) 247 (46.0)
Male 228 (57.0) 290 (54.0)

Age at initial diagnosis
Mean (SD) 66.6 (10.4) 65.2 (11.2)
Median 68 66
Q1, Q3 59.0, 74.5 59.0, 74.0
Range 37.0–90.0 30.0–91.0

Vital status
Alive 40 (10.0) 72 (13.4)
Dead 360 (90.0) 465 (86.6)

Site of the tumor
Missing 3 2
No mass 11 (2.8) 2 (0.4)
Head 236 (59.4) 301 (56.3)
Body 55 (13.9) 80 (15.0)
Tail 28 (7.1) 57 (10.7)
Head and body 20 (5.0) 41 (7.7)
Body and tail 25 (6.3) 32 (6.0)
NOS 4 (1.0) 5 (0.9)
Uncinate process 18 (4.5) 17 (3.2)

Pancreas cancer stage
Missing 0 2
Resectable 132 (33.0) 193 (36.1)
Locally advanced 141 (35.3) 162 (30.3)
Metastatic 127 (31.8) 180 (33.6)

Diabetes
Missing 17 66
No 272 (71.0) 327 (69.4)
Yes 111 (29.0) 144 (30.6)

Continuous BMI, usual adult (kg/m2)
Mean (SD) 28.1 (5.3) 28.0 (5.4)
Median 27.4 27.4
Q1, Q3 24.4, 30.7 24.3, 30.9
Range 15.3–53.4 17.0–59.0

Weight loss (%)
None 60 (15.0) 91 (16.9)
>0, ≤10 157 (39.3) 224 (41.7)
>10 183 (45.8) 222 (41.3)

Categorical FBG (mg/dl)
<100 108 (27.0) 154 (28.7)
100–125 137 (34.3) 183 (34.1)
126–150 61 (15.3) 98 (18.2)
151–200 57 (14.3) 56 (10.4)
>200 37 (9.3) 46 (8.6)

Karnofsky Performance Score
Missing 14 0
Normal activity – able 100 (25.9) 119 (22.2)
Normal activity – with effort 138 (35.8) 113 (21.0)
Normal activity – unable 109 (28.2) 107 (19.9)
Occasional assistance 27 (7.0) 37 (6.9)
Considerable assistance 12 (3.1) 161 (30.0)

Total 400 (100) 537 (100)

FBG, fasting blood glucose; NOS, not otherwise specified.

Gemcitabine response predictive variants Li et al. 531

http://links.lww.com/FPC/B78
http://links.lww.com/FPC/B78
http://links.lww.com/FPC/B78
http://links.lww.com/FPC/B78


risk or drug response in pancreatic cancer. As the four com-

mon SNPs [minor allele frequency (MAF)>0.05] showed

trends to be associated with gemcitabine IC50 values in LCLs

cells and clinical patient outcome in the discovery cohort,

we further carried out an imputation analysis including

regions around these SNPs. We imputed regions 200 kbp

on either side of those four SNPs to explore additional

genetic variants around those genomic regions, followed

by an SNP–gemcitabine interaction analysis with OS of

the discovery cohort patients to determine whether any of

the imputed SNPs might have pharmacogenomic effects

on gemcitabine during pancreatic cancer treatment

(Supplementary Table 2, Supplemental digital content 2,

http://links.lww.com/FPC/B79).

Further analysis was carried out to determine whether

any of these SNPs may be related to OS after controlling

for gemcitabine treatment. None of the SNPs was shown

to be a prognostic factor. These results are shown as the

main effect of SNP in Supplementary Table 1

(Supplemental digital content 1, http://links.lww.com/FPC/
B78).

Genotyping and association analysis of the validation

patient cohort

After imputation analysis with the 1000 Genome Project,

we selected the four top OS-associated imputed SNPs

plus the four genotyped SNPs for validation with 537

additional Mayo samples from a second independent

cohort using the TaqMan SNP genotyping assay. In our

studies, we sought to validate the finding of gemcitabine-

specific SNP effects on OS. We included both indivi-

duals with and without gemcitabine treatment for the

interaction analysis of these eight SNPs. Two imputed

SNPs, rs9637468 located in the downstream of KRT8P35
and rs4925193 in the intron of CDH4, shown trends

toward associations with OS of patients from the valida-

tion cohort (P= 0.064 for rs9637468 and P= 0.061 for

rs4925193), indicating that they might be genetic bio-

markers for the prediction of gemcitabine response dur-

ing pancreatic cancer therapy, as shown in Table 3. The

minor allele of rs9637468 showed an association with

worse OS, whereas the rs4925193 minor allele showed an

association with better OS. Further functional studies are

needed to elucidate the biological implications of these

SNPs on gemcitabine response.

Follow-up analysis

Next, we tested the hypothesis of whether these four SNPs

located in the downstream of KRT8P35 and the intron of

CDH4might also influence the expression of these two genes

in a cis-manner. We carried out an eQTL (expression quan-

titative trait loci) analysis for these two corresponding geno-

typed SNPs (rs9637468 and rs4925193) using 15 tumor and

eight normal samples from pancreatic cancer patients who

were a subset of the samples from the discovery cohort for

which we had both genotype and mRNA expression data

(Supplementary Table 3A, Supplemental digital content 3,

http://links.lww.com/FPC/B80 and 3B, Supplemental digital

content 4, http://links.lww.com/FPC/B81). The microarray data

for our eQTL analysis were used from the same samples as

that in our previous study [25]. The KRT8P35 SNPs did not

show any cis-relationships in either normal or tumor samples.

However, we found that both rs1122269 and rs4925193

showed negative correlations with all three probe sets of

CDH4 in a cis-manner, with values of R equal to −0.5 in

normal samples (P=0.2) (Supplementary Table 3C,

Supplemental digital content 5, http://links.lww.com/FPC/B82),
but no cis-associations were found in the tumor tissue sam-

ples. The mRNA expression levels of CDH4 (Supplementary

Fig. 1A, Supplemental digital content 6, http://links.lww.com/
FPC/B83) were associated with OS of those pancreatic cancer

patients [hazard ratio (HR)<1 for all the four probe sets of

CDH4] (Supplementary Table 3D, Supplemental digital

content 7, http://links.lww.com/FPC/B84). The absence of a

statistically significant finding could be because of the limited

sample size for this analysis. Although the P-values of these
probe sets were not statistically significant, they do appear to

suggest a protective effect of CDH4 (HR<1 for all four

probes). We also tested the trans-association between the two

SNPs with gene expression using our pancreatic normal and

tumor samples; no statistically significant findings were

observed.

To determine the expression level of CDH4 in tumors, we

obtained additional sections for 45 pairs of pancreatic ductal

adenocarcinoma and their surrounding pancreatic tissue

samples from the Cancer Hospital of the Chinese Academy

Table 2 Top genotyped single nucleotide polymorphisms associated with overall survival of 400 pancreatic cancer patients from the
discovery cohort in the single nucleotide polymorphism×gemcitabine interaction analysis

PanScan GWAS

SNP information SNP× gemcitabine interaction LCLs GWAS

SNP ID Chromosome Position Minor allele MAF HGNC symbol HR 95% CI for HR P-value R-value P-value

rs7515290 1 70 116 825 G 0.06 LOC100533666 2.978 1.565–5.667 8.90E−04 0.319 5.75E−05
rs1374679 3 63 075 267 C 0.45 KRT8P35 1.77 1.312–2.388 1.85E−04 0.284 3.72E−04
rs10979372 9 111 259 345 G 0.41 RPL36P14 0.628 0.452–0.873 5.63E−03 −0.312 8.46E−05
rs1122269 20 60 243 836 T 0.23 CDH4 0.559 0.384–0.812 2.29E−03 −0.308 1.09E−04

HR> 1 indicates that patients carrying the minor allele had a worse OS. The 95% CI for the HR is listed with the P-value. For LCLs GWAS, P-values for each association
are indicated. R-values represent the correlation coefficient for each association.
CI, confidence interval; GWAS, genome-wide association study; HR, hazard ratio; LCL, lymphoblastoid cell line; MAF, minor allele frequency; OS, overall survival.
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of Medical Sciences to test differences in CDH4 protein

expression between tumor and normal tissue. Hematoxylin

and eosin-stained sections of adjacent sections of the tissue

were prepared to confirm the diagnosis (data not shown).

The score levels of CDH4 staining in normal tissues were

significantly higher than those in tumor tissues in the 45

pairs of samples (Supplementary Table 4, Supplemental

digital content 8, http://links.lww.com/FPC/B85). As shown
in two represented cases (Supplementary Fig. 1B,

Supplemental digital content 6, http://links.lww.com/FPC/
B83), stronger immunostaining of CDH4 was noted in the

membranes of normal pancreatic duct epithelium cells,

whereas the staining was much weaker or negative in

neoplastic epithelium cells as well as in extracellular

matrix components. There were 33 (73.3%) pairs of

patient samples with positive CDH4 staining in both

tumor and normal tissues after quality control of the

immunohistochemical (IHC) staining.

Functional validation of candidate genes

We further validated whether those genes containing the

OS-associated SNPs might have an influence on gemci-

tabine cytotoxicity as a result of the contribution to var-

iation in gemcitabine responses during pancreatic cancer

therapy. Besides the CDH4 gene, none of the other three

genes located in chromosomes 1, 3, and 9 were selected

as candidates for functional validation as they are pseu-

dogenes within ± 50 kbp sides of the regions of SNPs.

We then determined the effect of different genotypes at

the SNP (rs1122269) of the CDH4 gene on the gemci-

tabine response. Experimentally, we took advantage of

our LCLs with GWAS genotyping data for each cell line

and selected cells with the individual genotype of inter-

est to determine the effect of the SNP genotype on

CDH4 expression in LCLs after gemcitabine exposure.

For this, we selected six LCLs with known genotypes for

the SNP (rs1122269), exposed cells to various con-

centrations of gemcitabine, and detected CDH4 mRNA

levels in the RT-PCR assay. We found that the cells with

the variant sequences showed increased CDH4

expression compared with the wild-type cells after

gemcitabine exposure (Fig. 2a).

To further explore the pharmacological effect of CDH4
gene expression on gemcitabine treatment, we per-

formed CDH4 knockdown using a siRNA pool (a set of

four specific siRNAs) against CDH4 in human pancreatic

cancer cell lines, followed by a gemcitabine cytotoxicity

assay. Before CDH4 knockdown, we tested CDH4 pro-

tein levels in eight human pancreatic cancer cell lines. As

shown in Supplementary Fig. 2 (Supplemental digital

content 9, http://links.lww.com/FPC/B86), the protein

levels of CDH4 were relatively high enough to be

detected in SU86, HupT3, and MIApaca-2 cell clines

compared with the others. Therefore, we selected these

three lines for further study. Downregulation of CDH4 in

all these three lines significantly desensitized cells to

gemcitabine treatment, whereas knockdown efficiency

was confirmed using real-time qRT-PCR (Fig. 2b).

All the above results implied that genetic variations in

CDH4 in pancreatic tumor cells might impact on cellular

susceptibility to gemcitabine through an alteration in its

gene expression after its treatment. CDH4 has previously

been reported as a tumor suppressor in a variety of cancer

types. Our study, for the first time, suggested that CDH4

might also be involved in the response to gemcitabine

during the treatment of pancreatic cancer.

Discussion
We previously used the ‘Human Variation Panel’ – a

genomic data-rich lymphoblastoid cell line model system

– to identify markers that might contribute toward var-

iation in response to gemcitabine [7,8]. With the cell-

based GWAS data, we had identified the top 200 most

significant SNPs associated with gemcitabine cytotoxicity

in the LCLs as an index of the drug response [7]. In the

present study, we selected these 200 SNPs and carried

out a genotype–phenotype association study using

information and samples obtained on our Mayo pan-

creatic patients. We found that four SNPs in the genomic

region of chromosomes 1, 3, 9, and 20 were associated

Table 3 Results in validation and discovery cohorts for genotyped and imputed single nucleotide polymorphisms selected for the strength of
single nucleotide polymorphism×gemcitabine interaction with overall survival in the discovery cohort

Discovery cohort Validation cohort

SNP ID SNP type R2 Chromosome Position HGNC symbol Minor allele MAF N HR P-value MAF N HR P-value

rs7515290 O 1 70 116 825 LOC100533666 G 0.064 400 3.019 4.00E−04 0.060 511 1.308 3.68E−01
rs800931 I 1.00 1 70 127 789 LRRC7 A 0.062 400 3.278 3.00E−04 0.063 517 1.294 3.77E−01
rs1374679 O 3 63 075 267 KRT8P35 C 0.447 400 1.861 2.98E−05 0.431 513 1.036 7.95E−01
rs9637468 I 0.67 3 63 028 434 KRT8P35 T 0.383 400 2.104 3.27E−06 0.364 503 1.295 6.40E−02
rs10979372 O 9 111 259 345 RPL36P14 G 0.405 400 0.652 8.80E−03 0.424 515 0.949 7.06E−01
rs10979394 I 0.61 9 111 309 186 RPL36P14 G 0.329 400 0.577 1.70E−03 0.340 512 0.841 2.33E−01
rs1122269 O 20 60 243 836 CDH4 T 0.225 400 0.558 1.90E−03 0.197 510 0.944 7.43E−01
rs4925193 I 0.04 20 60 256 090 CDH4 C 0.223 400 0.792 3.00E−04 0.158 487 0.704 6.14E−02

Interaction analysis of SNP with gemcitabine was not corrected for population stratification.
HR>1 indicates that patients carrying the minor allele had a worse OS. P-values are listed here for HR. R2-values between the genotyped SNPs and imputed SNPs in the
CEU population on the basis of the 1000 Genomes Pilot 1 are indicated.
CI, confidence interval; HR, hazard ratio; MAF, minor allele frequency; OS, overall survival; SNP, single nucleotide polymorphism.

Gemcitabine response predictive variants Li et al. 533

http://links.lww.com/FPC/B85
http://links.lww.com/FPC/B83
http://links.lww.com/FPC/B83
http://links.lww.com/FPC/B86


with gemcitabine-specific effects on OS (P< 0.01). This

was consistent with the observation from our previous

cell-based GWAS results (as shown in Table 2).

Furthermore, we also tested the effect of gemcitabine

treatment by the genotypes of those four top OS-associated

SNPs using the samples from the discovery cohort patients.

As shown in Supplementary Table 5 (Supplemental digital

content 10, http://links.lww.com/FPC/B87), the results implied

that the SNPs in KRT8P35 and CDH4 might be predictive

markers for gemcitabine response. Individuals with more

common alleles for SNP (rs1374679) in KRT8P35 had better

OS. The SNP (rs1122269) in the CDH4 gene showed the

opposite trend, with the minor alleles associated with better

outcomes. We had also carried out a Kaplan–Meier analysis

to test a gemcitabine-specific SNP effect using samples from

patients treated with or without gemcitabine (Supplementary

Fig. 3, Supplemental digital content 11, http://links.lww.com/
FPC/B88). These Kaplan–Meier plots indicated that variants

in the genomic regions might be predictive markers for the

gemcitabine treatment in pancreatic cancer. Kaplan–Meier

curves for the other two SNPs (rs7515290 and rs10979372)

Fig. 2
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(a) Functional validation in three human pancreatic cancer cell lines. Cells were treated with 30 nmol/l of control siRNA or specific siRNA against
CDH4 using three human pancreatic cancer cell lines, followed by the MTS assay after exposure of gemcitabine for 72 h, and knockdown efficiency
was confirmed in the quantitative reverse transcription-PCR assay (bar graph). (b) Single nucleotide polymorphism-related differences in CDH4
expression and gemcitabine response in three variant (rs1122269) and three wild-type lymphoblastoid cell lines were detected in quantitative reverse
transcription-PCR assay. *P<0.05; **P<0.01.
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were also shown to detect the effect of gemcitabine treat-

ment (Supplementary Fig. 3, Supplemental digital content

11, http://links.lww.com/FPC/B88).

We then carried out an imputation analysis to determine

whether additional SNPs might predict gemcitabine

response. Two imputed SNPs, rs9637468 located down-

stream of KRT8P35 and rs4925193 in the intron of CDH4,
were associated with gemcitabine-specific effects on OS

from both the PanScan discovery and validation cohorts,

indicating that these two SNPs might be genetic bio-

markers to predict gemcitabine response. More func-

tional studies would be required to elucidate the

mechanism by which these variants impact on drug

responses of gemcitabine during the treatment of pan-

creatic cancer.

In this study, to investigate the pharmacogenomic effects of

these potential genetic markers, we carried out an eQTL

(expression quantitative trait loci) analysis to determine

whether they might transcriptionally regulate nearby gene

expression in either a cis-manner or a trans-manner. The

rs9637468 did not show any cis-relationships in either normal

or tumor samples, but we did observe trans-associations
(P<10−4) with the expression of other genes in both normal

and tumor samples (Supplementary Table 3A, Supplemental

digital content 3, http://links.lww.com/FPC/B80 and 3B,

Supplemental digital content 4, http://links.lww.com/FPC/B81).
This indicated that rs9637468might impact on the expression

and/or the function of other unknown genes or genomic

regions, further contributing to the individual chemosensi-

tivity of this variant carrier when treated with gemcitabine.

However, in our eQTL analysis, the two SNPs (rs1122269

and rs4925193) of CDH4 showed negative cis-correlations with
the expression of CDH4 mRNA for all three of its probe sets

in the normal tissue samples, although the P-values were not
statistically significant (Supplementary Table 3C,

Supplemental digital content 5, http://links.lww.com/FPC/B82).
We also found that the mRNA expression levels of CDH4

were associated with the OS of these pancreatic cancer

patients (HR<1 for all the four probe sets of CDH4)

(Supplementary Table 3D, Supplemental digital content 7,

http://links.lww.com/FPC/B84). We found that bothmRNA and

protein expression levels were lower in pancreatic tumor tis-

sues compared with that in normal tissue samples using

microarray and IHC staining assays (Supplementary Fig. 1A

and 1B, Supplemental digital content 6, http://links.lww.com/
FPC/B83), suggesting the tumor-suppressive function of

CDH4 in pancreatic cancer. More importantly, induction of

CDH4 expression was gemcitabine dependent and SNP

(rs1122269 and rs4925193) was genotype dependent in LCLs

(Fig. 2a). Further functional study in the three pancreatic

cancer cell lines showed that the decrease in CDH4 expres-

sion using siRNA knockdown desensitized cells to gemcita-

bine cytotoxicity (Fig. 2b). These results implied that, if a

pancreatic cancer patient carried the CDH4 variant

(rs1122269), its gene expression in cancer cells would be

upregulated by gemcitabine exposure, leading to more

sensitivity to the drug. Therefore, our functional studies

suggested that the SNP (rs1122269) of CDH4might serve as a

predictive biomarker for treatment outcomes of gemcitabine

in pancreatic cancer patients.

The CDH4 gene encodes a protein, cadherin-4, in

humans, also called R-cadherin, which belongs to the

cadherin superfamily [26,27]. The encoded protein is a

calcium-dependent cell–cell adhesion glycoprotein com-

posed of five extracellular cadherin repeats, a transmem-

brane region, and a highly conserved cytoplasmic tail

[28–30]. This cadherin is believed to play an important

role during neuronal outgrowth and clinical neurological

disease, as well as muscle and pancreas development

[31–33]. A previous study showed that inappropriate

expression of R-cadherin (CDH4) in tumor cells results in

decreased expression of endogenous cadherins (cadherin

switching) and sustained signaling through Rho GTPases.

CDH4 has been reported to contribute to tumorigenesis,

invasiveness, and metastasis as a tumor suppressor in

colorectal cancer, gastricointestinal cancer, ovarian cancer,

chondrosarcoma, and nasopharyngeal carcinoma [26,27,

34–37]. Together with the results from the present

genotype–phenotype association and follow-up functional

studies, this indicated that CDH4 might play an impor-

tant role in the response of gemcitabine and also act as a

tumor suppressor in human pancreatic cancer as reported

by previous studies. It was the first time that we identified

the CDH4 gene associated with individual response after

gemcitabine exposure during pancreatic cancer therapy.

This suggested that CDH4 might also serve as a useful

predictive/prognostic biomarker for individualized medi-

cine, as well as a novel target for antineoplastic drug

development. More functional characterization of poly-

morphisms in CDH4 and the gene itself would be

required to detect the impact on gemcitabine treatment

outcomes.

In addition, we have identified several SNPs located in

the other three pseudogenes that were associated with

outcomes depending on gemcitabine exposure. Although

these SNPs did not appear to be associated with cis-
expression using clinical tissue samples, it is possible that

the genotypes have a trans-effect on other genes. Other

mechanisms such as long-chain noncoding RNAs and

microRNA might also be affected by these SNPs, which

in turn regulate genes/pathways contributing toward

gemcitabine response in pancreatic cancer.

Certainly, there were some limitations in our studies.

First, the imputation analysis for the SNP (rs7515290)

with low MAF (MAF=0.06) might lead to a type I error

and a false-positive result. Also, there might be con-

founding factors affecting the pharmacogenetics effects

of both genotyped and imputed SNPs (rs7515290 and

rsrs800931) in the analysis. More follow-up validation

studies using additional cohorts of clinical samples or

functional characterization experiments will be necessary
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in future. Second, our cohorts in the studies were not

randomized prospective studies. As an observational

study, the population is probably more representative of

the pancreatic cancer patients seen in academic medical

centers. However, the patients selected in the study were

only accessible to us with gemcitabine-related treatment

information. Additional randomized studies will be

required to assess the clinical utility of risk stratification.

There were also some epidemiologic risk factors that

might confound with the pharmacological effect of

genetic markers, such as adiposity, smoking, diabetes,

and family history already known for pancreatic cancer.

Taken together, our cell line model system has proven to

be a powerful tool both for the identification of phar-

macogenomic hypotheses and for the pursuit of hypoth-

eses from the clinical GWAS [7,9,12,14,25]. Our findings

from the translational research of cell-based GWAS

results into clinical validation by genotype–phenotype

association analysis, and experimentally functional stu-

dies, would help to identify genetic biomarkers con-

tributing to individual variability in gemcitabine response

during the treatment of pancreatic cancer and help use

those predictive/prognostic biomarkers to select respon-

sive patient subpopulations for gemcitabine therapy and

improve its treatment outcome.
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